in place prevented coring but not flow insertion; neither affected backflow. Conclusion: Open end-port catheters occlude during insertion, which can be prevented by temporarily closing the port with a stylet but not by infusing while inserting. Backflow was not completely prevented by any insertion method.
Introduction
For close to two decades now, the targeted delivery of therapeutics directly into the brain -often employing convection-enhanced delivery [1] -has been used in clinical trials for the treatment of brain cancer [2, 3] as well as neurodegenerative diseases [4] [5] [6] . Backflow, the preferential reflux of infusate along the catheter shaft, is one of several factors that affect the efficient delivery of therapeutics to a desired target within the brain [7, 8] . Backflow is observed both during the direct injection of a bolussuch as reported in [9] or [10] -and with convection-enhanced delivery, where the infusion is at a relatively low flow rate (less than 1 ml/h) and is continued for a longer time (tens of minutes to hours [11, 12] ). Targeted delivery into the putamen is particularly sensitive to backflow loss.
The putamen is a narrow structure and is surrounded by white matter tracts that have high fluid conductivity. If these tracts are reached by backflow, the infusate tends to flow into them, leaving a reduced fraction of infusate in the putamen [13] . Thus, backflow is of considerable concern in intraputamenal infusions.
The dominant theory in the infusion field is that tissue cored during catheter insertion acts as a plug at the start of infusion, which results in a buildup of intraline pressure until the tissue is expelled [1] . This is then followed by the sudden flow of infusate accompanied by a drop in pressure and then increased backflow. However, one study failed to find tissue in the needle upon insertion [14] , and other reasons have been suggested for a drop in pressure such as a bubble in the line which is expelled [15] . An open end-port catheter is most likely to core tissue during insertion; therefore, strategies aiming to overcome this possibility have been proposed. The end port can be closed during insertion by inserting a tight-fitting stylet or by using a closed-end configuration [16] . Flow insertion, in which the catheter is inserted while infusing, is proposed to resist the tissue core [17] [18] [19] . Interestingly, these reports do not demonstrate tissue coring during insertion. Furthermore, publications documenting changes in infusion line pressure using different methods of insertion are not currently available.
In this study, we used ex vivo and in vivo methods to evaluate whether different insertion methods (open end port, closed end port and flow insertion) affected tissue coring and catheter occlusion. We evaluated changes in line pressure as a surrogate marker to assess catheter occlusion and clearance and its relationship with the incidence and magnitude of backflow.
Materials and Methods

Infusion System
A valve tip (VT) catheter with a retractable stylet was used in this study. The VT catheter (Engineering Resources Group, Inc., Pembroke Pines, Fla., USA) is a modified open end-port stepped catheter with a fused silica shaft of 0.65-mm outer diameter and a polyimide tip with an outer diameter of 0.36 mm and an inner diameter of 0.25 mm extending 3 mm from the shaft. The catheter includes a silica stylet that can be extended approximately 1 mm beyond the end to close the end port during insertion and then retracted 8-10 mm prior to infusion. The catheter was also used to test open end-port and flow insertion by leaving the stylet retracted throughout the procedure. We note that the catheter itself is rigid, and in vivo imaging showed similar accuracy with or without the stylet, with no discernible deformation. The only purpose of the stylet in these studies was to obstruct the lumen of the catheter, preventing coring. This was confirmed indirectly in vivo by the absence of the characteristic behavior of the pressure when coring occurs.
Thick-walled Teflon lines with an inner diameter of 500 μm were used to connect the catheter to 5-ml Hamilton gas-tight syringes. The syringes were driven by a magnetic resonance imaging (MRI)-compatible syringe pump (PHD 2000; Harvard Apparatus, Inc., Holliston, Mass., USA) placed at approximately the same height as the catheter tip when inserted.
Pressure Measurement
Monitoring of the pressure of the infusion lines was performed using a pressure monitor and pump controller (Engineering Resources Group, Inc.). This PC-based system was used remotely from the MRI control room. Infusion line pressure was acquired at 1-second intervals. Peak pressure was recorded as the single highest 1-second measurement obtained near the start of the infusion. The term pressure drop was defined as the difference between the peak pressure and the mean of the pressure measured from 10 to 30 s after the peak.
Magnetic Resonance Imaging
Imaging was performed in a 3-tesla GE MR 750 Discovery MRI scanner (GE Healthcare, Waukesha, Wis., USA) as previously described [16] . A custom 3-inch diameter, receive-only surface coil (MR Instruments, Inc., Minneapolis, Minn., USA) was used for scanning.
Backflow Measurement
Backflow distances of infusate, doped with common T1-shortening agents, were measured using the first T1-weighted scan, which was acquired 3-10 min after the start of the infusion. The distance was measured from the catheter tip to the furthest extent of visible tracer along the catheter shaft using custom 3D image processing software. The distances were recorded with 0.5-mm precision, which was limited by the resolution of the MRI.
Statistical Analysis
Backflow distances were compared using a two-sample t test, assuming equal variances, while pressure peak and drop t test comparisons used unequal variances. Two-tailed tests were used, with statistical significance defined as p < 0.05. Grouped data are presented in the test as means ± standard deviations.
Experimental Design
Three different experimental setups were used in this project, as follows: (1) For the first set of experiments 3 brains, 1 from a rhesus ( Macaca mulatta ) and 2 from cynomolgus ( Macaca fascicularis ) mon-keys, were obtained from the tissue distribution program at the Wisconsin National Primate Research Center. Immediately after euthanasia with sodium pentobarbital (25 mg/kg, i.v.) the brains were quickly removed, placed in a phosphate-buffered saline solution for transportation and used within 4 h post mortem.
For the second set of experiments, 4 adult female rhesus monkeys ( M. mulatta , 5-8 years old, 4-5 kg) were used. The animals were housed individually on a 12-hour light/dark cycle and received food and water ad libitum. The animals' diet was supplemented with fruit during daily enrichment.
For the third set of experiments, 3 adolescent female pigs ( Sus scrofa domesticus , 2-3 months of age, 30-35 kg) were used in this study. The animals were housed individually on a 12-hour light/ dark cycle and received food and water ad libitum.
Ex vivo Brain Push-Through Tests
During testing the brains were placed in a 'doughnut'-shaped platform above a tank containing water. A solution of bromophenol blue (0.16 mg/ml; Sigma Aldrich, St. Louis, Mo., USA) in phosphate-buffered saline was infused at 1 μl/min. Line pressure was monitored continuously and video recordings were made and synchronized with the pressure readings.
The VT catheter was used, in open or closed end-port modes, for push-through insertions and regular brain insertions targeting the putamen nucleus, with or without simultaneous infusion (flow insertion). Push-through insertions were defined as catheter insertions in the brain that followed through the tissue until the catheter emerged in the water tank. Infusion was continued until any cored tissue was expelled from the catheter tip and dye was observed in the water.
In vivo Open and Closed End-Port Tests
Catheters were targeted using an MRI-compatible external trajectory guide (Navigus TM ; Medtronic Inc., Minneapolis, Minn., USA) and intraoperative MRI guidance. The surgical and targeting procedure was performed under isoflurane anesthesia following our previously published protocol [20] . The catheters were targeted to the ventral postcommissural right and left putamen, approximately 1-2 mm posterior to the coronal plane presenting the anterior commissure, and centered laterally at least 5 mm deep within the nucleus.
In one hemisphere the VT catheter was inserted with the stylet retracted (open end mode), exposing the open end port to tissue during insertion. In the other hemisphere a VT catheter was inserted with its stylet extending 1 mm past the distal end, covering the end port. After insertion, the stylet was retracted 8-10 mm in order to open the end port for infusion. A solution of gadoteridol (2 mmol/l, ProHance; Bracco Diagnostics Inc., Princeton, N.J., USA) and bromophenol blue (0.16 mg/ml; Sigma Aldrich) in phosphate-buffered saline was infused at a flow rate of 1.0 μl/min. A volume of 100 μl was infused in each infusion.
Imaging with a pair of 3D spoiled gradient echo scans with flip angles of 6 and 34° allowed quantitative measurement of the infusate distribution (TR = 21 ms, TE = 6 ms, in-plane FOV = 140 × 105 mm (0.75 phase FOV), matrix = 256 × 224, 64 contiguous coronal slices each 0.8 mm thick). Scans were acquired at intervals of approximately 10 min per pair.
In vivo Flow Insertion Tests
Catheters were targeted using an MRI-compatible external trajectory guide (Navigus; Medtronic Inc.) and a novel, real-time intraoperative guidance system [21, 22] , following a modified published protocol [20] . The animals were fasted for 12 h prior to the surgery. Anesthesia was induced using intramuscular injections of Telazol (7 mg/kg), xylazine (2.2 mg/kg) and atropine (0.05 mg/kg) and then maintained with inhaled isoflurane. The planned trajectories were targeted either laterally centered at the rostral end or caudally/rostrally centered at the lateral side of the thalamus and at least 5 mm deep into the nucleus. A preoperative T1-weighted MRI was used as a roadmap to identify trajectories that were then confirmed using real-time MRI guidance. The animal was then moved from the MRI scanner room to an adjacent operating room where two bilateral craniotomies (5 mm in diameter) 20 mm right and left from the midline point were performed using a burr drill. A Navigus base and MR-visible trajectory guide were centered over each craniotomy. Target and device pivot locations were again identified using a T1-weighted MRI roadmap. The MR-visible trajectory guide was adjusted to the correct location using real-time MRI guidance. The trajectory guide was then removed and replaced with a remote introducer, which was then used to insert the infusion catheter to the prescribed depth, as previously described [20] .
VT catheters in the open end-port mode (stylet retracted) were used. A solution of gadodiamide (2 mmol/l, Omniscan; GE Healthcare) and bromophenol blue (0.16 mg/ml; Sigma Aldrich) in phosphate-buffered saline was infused at a flow rate of 5.0 μl/ min. In the flow insertion trials, the pump was started at 5.0 μl/ min just prior to insertion. The catheter was then advanced to the selected location in the thalamus at a rate of 5-7 mm/min. After reaching the target depth, infusion continued at the same rate of 5.0 μl/min for 10-15 min. The control infusions were performed similarly, except that the pump was off during insertion and started at 5.0 μl/min just after insertion.
During infusion, the backflow was monitored with real-time 2D imaging. A single slice aligned with the catheter was acquired at 13-second intervals (TR = 33 ms, TE = 4.5 ms, flip angle = 50°, FOV = 140 × 105 mm, matrix = 256 × 192, slice thickness = 2.5 mm). After each infusion, the complete infusion distribution was imaged with a 3D fast spoiled gradient echo scan (TR = 9.1 ms, TE = 3.9 ms, in-plane FOV = 180 mm, matrix = 256 × 224, slice thickness = 0.8 mm, 248 contiguous slices spaced at 0.4-mm intervals).
Results
Open End-Port Catheters Get Occluded during Brain Insertion
The ex vivo brain tests evaluated whether there was a relationship between catheter occlusion and clearance and the changes in infusion line pressure. A total of 7 push-through infusions were performed with open endport insertion. The results of a typical study are shown in figure 1 . Figure 1 c shows the pressure trace over the first 30 s of infusion. The differential pressure was zeroed before the start of infusion and rose roughly linearly over the first 21 s to a peak of 10.6 mm Hg. It then dropped sharply to a value of -3.4 mm Hg for the remainder of the infusion. Figure 1 a shows an image of the catheter tip in the water bath taken from the video a few seconds before the pressure peak. Some of the cored tissue protrudes from the tip, but no infusate is observed. In figure 1 b, a few seconds after the pressure peak, the core has been expelled and infusate flows from the tip. This pattern (pressure rise, tissue core expulsion coinciding with steep pressure drop, followed by infusate) was observed in all 7 open end-port trials ( fig. 2 ) . The mean peak pressure was 18 ± 6 mm Hg.
Overall, 2 push-through infusions were performed with flow insertion of the open end-port VT configuration. In both cases, the pressure rose during the 20-40 s of insertion (to 19 mm Hg in the first case and 25 mm Hg in the second). When the catheter tip exited the tissue and entered the water bath below a tissue core was expelled, the pressure fell rapidly to about 3 mm Hg below the preinsertion pressure and the infusate began to flow from the tip. A total of 4 push-through infusions were performed with closed end-port insertions using the VT catheter's stylet. The 4 insertions did not produce an observable tissue core expulsion. The maximum pressure rise was 1.4 mm Hg, lacking the linear rise and sharp fall profile.
Additionally, insertions that stopped within the brain tissue were performed followed by infusion at 1 μl/min into the tissue in order to observe the pressure behavior when the tip was surrounded by tissue rather than suspended in water; 2 infusions were performed with each of the three insertion methods. Plots of the pressure for all 6 infusions are shown in figure 2 . Open end-port insertions with or without flow insertion had high pressure peaks and subsequent drops. The time to reach peak pressure was much greater than in the water bath, ranging from 2.5 to 5 min without flow insertion and from 7.5 to 13 min with flow insertion. The 2 stylet-covered insertions showed much lower pressure peaks, with a small drop (7 mm Hg) in the first case and no spike in the second.
Backflow Does Not Differ Under Occluded versus Nonoccluded Conditions
The in vivo open and closed end-port tests in the nonhuman primate model evaluated whether pressure changes induced by tissue coring induced affected backflow observed by intraoperative MRI. The bilateral infusions into monkey putamen were performed on 4 subjects at a flow rate of 1 μl/min. In figure 3 
In vivo Flow Insertion Neither Prevents Occlusion Nor Decreases Backflow
In vivo flow insertion tests in the swine model used changes in pressure spikes as an indirect measure of occlusions and intraoperative MRI to monitor backflow. A total of 6 infusions of each type, namely with and without flow insertion, were performed into the pig thalamus at a flow rate of 5 μl/min. Figure 5 shows graphs of line pres- 
Discussion
In this study, as stated in Introduction, we used ex vivo and in vivo methods to evaluate whether different insertion methods (open end port, closed end port and flow insertion) affected tissue coring and catheter occlusion. The rate of 5 μl/min was chosen to maximize the chance of preventing coring and, in this context, the higher flow rate was appropriate. The backflow could be minimized by a lower flow rate, although coring would not have been prevented. Our paper explores the connection stated in other papers that reducing or preventing coring reduces backflow. The issue of how to reduce backflow by other means, and its effects on infusate distribution, are beyond the scope of this investigation and are described for example in a previous publication [13] .
Our ex vivo and in vivo studies demonstrated the following: (1) open end-port catheters core brain tissue during insertion in accordance with conventional belief; (2) the pressure inside the infusion lines increases with occlusion and decreases when the tissue plug is released in the ex vivo tests -subsequently, we assumed that such behavior could serve to distinguish occluded tissue from freely flowing infusate; (3) a stylet prevents catheter occlusion but flow insertion does not (as evidenced by the line pressure surrogate), and (4) in controlled conditions backflow is not affected by catheter occlusion and clearance.
The ex vivo push-through experiments demonstrated that open end-port catheters tend to core several millimeters of tissue during insertion, which then occludes the catheter tip at the start of infusion. Pressure builds up within the catheter lines until the core is rapidly expelled and pressure drops suddenly. Flow insertion at 1 μl/min did not alter this coring and subsequent pressure spike and core expulsion. A tight-fitting stylet that covers the end port during insertion and is then withdrawn before infusion eliminated the tissue coring and the corresponding pressure spike at the start of infusion. It can be argued that the distance covered by the catheter in a push-through insertion is much greater than in a normal insertion, yet infusions into deep brain structures such as the subthalamic nucleus in humans can be 8 cm deep, as can be inferred by careful measurements during DBS placements (see table 2 of Sillay et al. [23] ).
As we previously mentioned, tissue coring has been proposed for the characteristic pressure buildup and release from the very beginnings of convection-enhanced delivery application [1] . However, a subsequent study [14] failed to observe tissue coring upon insertion of the needle through ex vivo brain tissue, which is contradictory to our observations. Interestingly, that study also failed to observe any pressure rise or fall in the experiments that failed to show coring. These discrepancies suggest that differences in technical methods, including sensitivity of pressure monitoring systems and/or visualization methods, may have affected the results.
Tissue coring during in vivo intraparenchymal infusion cannot be directly confirmed, but based on our ex vivo tests the characteristic pressure spike can be used as a surrogate indicator of its presence. The ex vivo brain studies confirmed that the same pressure spike behavior is present in open end-port insertions and absent when a stylet covers the end port during insertion. The peak pressure and the duration of the pressure rise was much greater when infusing into tissue than into the water bath. We speculate that the surrounding tissue will tend to hold the cored plug in place longer than was observed in the water bath, increasing the amount of fluid collected in the line and, therefore, the pressure.
Although coring can be avoided by using a closed end port during insertion, it did not seem to have a significant impact on the infusions, as in these studies the large pressure loss on occlusion clearance did not significantly increase chances for large backflow. These experiments were also unable to demonstrate any advantage for inserting with the infusate flowing. Previous protocols have used relatively low infusion rates during insertion -up to 1 μl/min [17] [18] [19] -the rate at which tissue coring was observed in our ex vivo insertions. The in vivo flow insertions were performed at 5 μl/min in order to give the method the best chance to show an effect. In other words, we have used a higher flow rate during insertion than any reported in the literature, thus giving the best chance for the removal of occlusions. However, the pressure traces in each case showed the spike associated with occlusion and subsequent clearance (in every case performed). It is thus not surprising that, in addition, no difference in backflow was shown for flow insertion. This also suggests that ramping up to 5 μl/min during the insertion process would not improve the probability of expelling tissue from the catheter lumen.
The following points may be argued: (1) the number of in vivo tests comparing flow insertion to insertion without flow is too small to disprove the assertion that there is no difference in line pressure behavior or in the extent of backflow, (2) the lack of difference in tissue occlusion in such a comparison is inferred rather than demonstrated, and (3) the claim that there is no deleterious effect on backflow due to tissue occlusion is also not proven due to the small number of observations. The ex vivo studies that directly examine pressure behavior with coring of tissue resulted in a 100% correlation in 3 trials. The correlation between coring and the pressure behavior receives further support from the 4 in vivo coring tests, where preventing coring (by a blocking stylet) was shown to remove the pressure spike noted when coring occurred; conversely, when there was no blocking stylet there was indeed a pressure spike. While indirect, these results provide further evidence for the correlation directly noted in the ex vivo tests. Based on this data we conclude the following: (1) a lower flow rate upon insertion would not have prevented coring, and (2) infusing at 5 μl/min without ramping the flow rate (immediately upon placement) would not have lowered the backflow. Finally, although we did not observe it, tissue occlusion could possibly result in occasional 'catastrophic' backflow. Nevertheless, our failure to observe it at least indicates that backflow is not an inevitable result of having an open end-port catheter and a pressure that rises, peaks and falls abruptly after the start of the infusion.
To conclude, we have demonstrated that open endport catheters occlude during insertion, which can be prevented by temporarily closing the port with a stylet but not by infusing while inserting. Based on the present findings, the use of infusion during the insertion procedure seems unnecessary. Furthermore, its clinical translation is worrisome, especially during the infusion of biologics, for example in gene transfer, where the use of flow insertions may increase the risk of gene delivery into areas through which the catheter passes, thus increasing the risk of unwanted effects by therapy misplacement.
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